Valence band of a vacuum-reduced TiO 2 (001) surface has been carefully examined using synchrotron x-ray photoelectron spectroscopy to investigate variation of the gap state upon oxidation and thermal diffusion of Ti 3+ interstitials from the bulk. We compare our results with that obtained from TiO 2 (110) and aim to address a crystal-face dependency in the oxidation and diffusion rates of Ti 3+ interstitials. We find very similar behaviors in the oxidation and thermal diffusion rate of Ti 3+ interstitials between the two crystal faces suggesting a negligible crystal-face dependency in this case.
I. Introduction
TiO 2 is a prominent material for various applications such as photovoltaic solar cells and photocatalysts for hydrogen production and removal of organic contaminants [1] . The success of such applications is determined by factors such as how to adjust the band gap suitable for the application and how to control the defects in the bulk as well as on the surface.
Especially, understanding and controlling the defects in TiO 2 have been a long-term issue since TiO 2 is a reducible oxide with possible bulk (surface) defects such as Ti interstitials and oxygen vacancies [1] . The presence of defects in TiO 2 has a huge influence not only on the electrical properties but also on its photovoltaic and photocatalytic performances.
The presence of defects in TiO 2 has been studied by UPS, in which a band-gap state in valence band has been assigned to the presence of surface oxygen vacancies [2, 3] . Recently, the exact origin of the gap state [4] [5] [6] [7] has been intensively discussed and it is generally understood that the gap state is induced by both oxygen vacancies and Ti interstitials, where the ratio between the two can vary depending on the detailed pretreatment conditions [7] .
Recent theoretical studies employing DFT calculations also predict that the gap state is originated from excess electrons with a 3d-like character which are localized on either 5-fold [8] or 6-fold [8, 9] Ti atoms adjacent to oxygen vacancies on TiO 2 (110) . The contribution from Ti atoms in interstitial sites (Ti int ) in a 3 + state with one 3d-like electron has been predicted from spin polarized hybrid DFT calculations [10] . Recent STM [11] and resonant photoemission diffraction [12] studies suggest that the excess charge may be delocalized on multiple Ti 4+ sites.
A further understanding on the exact role of the gap state-related surface charges may be gained by studying the variation of the state upon diffusion and reactions of the defects induced by annealing and oxidation, respectively. The key step in the reoxidation of reduced TiO2 may involve the diffusion of oxygen vacancies and Ti interstitials [13] . Henderson reported that the diffusion of Ti interstitials play a dominant role in the bulk-assisted reoxidation of ion-sputtered TiO2 surface [13] .
In the present study, we employed synchrotron ul- 
II. Experimental Section
A single crystal TiO2 (001) substrate (0.5 mm thick, one-side polished, MTI) was cut into 5×10 mm in size and a thin Ta foil and was glued on the backside of the substrate using an Al2O3-based glue (Ceramabond 503) before being introduced into a UHV chamber attached to 7B1 beamline (moved to 10D) [14] at Pohang Accelerator Laboratory (PAL). K-type thermocouple was spot-welded on the edge of the Ta foil wrapped around the TiO2 crystal for a temperature measurement. A well-ordered and clean TiO2 functions [19] . (110) is compared in Fig. 5 . Interestingly, we find a very similar temperature-dependent behavior of the gap state upon successive annealing within our uncertainty limit. This result may be interpreted to be due to the fact that the diffusion of the near-surface Ti interstitials is not much influenced by the type of crystal orientation between (110) and (001).
III. Results and Discussion

IV. Summary
We studied the oxidation kinetics of surface defects on TiO2 (001) upon O2 dose at RT. The results are very consistent with that obtained from TiO2 (110) 
